Polymerase chain reaction (PCR) identification assays were designed for eight major species of coagulase-negative staphylococci (CNS) on the basis of three variable regions found in the 16s rRNA gene. The PCR assays were tested with 41 staphylococcal strains representing the diversity of staphylococci defined by classical biotyping schemes. Each PCR result was compared with species-specific polymorphism in and around the 16s rRNA gene (i.e., 16s ribotype) and the phenotypic identification of the strain in a miniaturised biochemical test gallery (bioM6rieux ATB 32 Staph). Twenty-six of the 41 strains were identified by PCR as belonging to one of the eight species for which primers had been designed and none of the remaining strains was misidentified. For 22 of the 26 strains there was complete agreement between the PCR identification, 16s ribotype and ATB identification. For the remaining four strains there was agreement between PCR identification and 16s ribotype. Two National Collection of Type Culture strains were re-assigned to different species and 10 previously unassigned strains were formally speciated for the first time. These PCR assays are suitable for rapid and definitive speciation of CNS.
Introduction
The genus Staphylococcus comprises 32 species, of which the coagulase-positive S. aureus is the most important clinically. Thus identification of staphylococci has often been limited to rapid screening for S. aureus, with other species simply reported as coagulase-negative staphylococci (CNS). Although previously regarded as harmless commensals and contaminants of skin and mucous membranes, CNS are now recognised to be potential pathogens. They are among the major causative agents of hospital infection, and are particularly associated with the use of medical devices in seriously ill and immunocompromised patients [ 11. With increasing realisation of their pathogenic potential, the timely identification of CNS has become a higher priority in the clinical microbiology laboratory.
In 1963 Baird-Parker [2] examined a collection of CNS and micrococci of animal and human origin and defined six principal biotypes among staphylococci. Biotype SI corresponded to the coagulase-positive species (S. aureus, S. intermedius) , whilst the others were generally defined as coagulase-negative staphylococci (CNS). Strains of biotypes SII and SV fermented maltose, produced acetoin, and were, respectively, phosphatase positive or negative. Biotype SIII strains were phosphatase positive and unable to produce acetoin. Strains of biotype SIV were phosphatase negative, produced acetoin, but did not ferment most carbohydrates. Strains of biotype SVI were phosphatase negative, produced acetoin and fermented mannitol, but showed a number of otherwise variable biochemical reactions. He also defined eight biotypes of micrococci, some of which are now accepted as staphylococci, notably S. saprophyticus. Kloos and Schleifer [3] subsequently examined a collection of CNS from human skin and animals and described a phenotypic scheme that identified 10 staphylococcal species, through the use of a wide I range of sugars, other substrates and incubation temperatures. Examining a more comprehensive collection of human and animal CNS, Marples [4] compared the two phenotypic schemes and found that, apart from SIV and SV, the Baird-Parker biotypes corresponded to species defined by Kloos and corresponding to CNS species in a 36-biotype scheme for the staphylococci [5] . Ornithine decarboxylasepositive isolates (SVe) described in this study were subsequently described as the new species S. Zugdunensis [6] .
A limitation of biochemical tests in the identification of CNS is the variable expression of certain phenotypic characters. Ambiguity can also result from subjectivity of interpretation of colorimetric tests. Other identification methods, such as multilocus enzyme electrophoresis, whole cell polypeptide analysis or cellular fatty acid composition exist [7-91, but none can alone serve to identify species among the CNS. Thus, there is a need for rapid and accurate species identification by a DNA-based method.
DNA-DNA hybridisation studies formed one of the defining criteria for the current phylogeny of CNS species [lo] , and analysis of polymorphism in and around the rRNA operon by heterologous rRNA gene probes has been shown to be a powerful tool in identification and typing of bacteria, including staphylococci [11-141. Six rRNA operons have recently been cloned from S. aureus [15] . An oligonucleotide probe complementary to a variable region of the 16s rRNA gene sequence was designed which co-identified S. epidermidis, S. capitis, S. caprae and S. saccharolyticus. The oligonucleotide acted as primer in polymerase chain reaction (PCR) assays to distinguish S. epidermidis from S. saprophyticus, but it was not tested against other CNS species [16]. Two PCRs employing primers derived from the 16s rRNA gene sequence were reported to co-identify S. epidermidis and S. capitis on the one hand, and S. haemolyticus alone on the other [17] .
The present study sought to develop disciminatory PCR-based identification of CNS species of particular significance in hospital infection due to their prevalence or because they are difficult to identify definitively by phenotypic means, or both. Biotype reference strains of CNS described in the scheme of Marples [4, 5] , as used by the national reference laboratory for identification of CNS were examined. Reference strains of the biotyping schemes and National Collection of Type Culture (NCTC) strains of CNS species were analysed. Results of the newly developed PCR identification assays were compared with data from 16s ribotyping and a commercial biochemical identification kit [ 1 81 .
Materials and methods

Bacterial strains, culture conditions and phenotypic tests
Type strains (designated in this study by the superscript T) and reference strains were obtained from NCTC and the Laboratory of Hospital Infection collection. They were grown overnight on blood agar plates at 37°C. Phenotypic identification of strains was made by inoculating a gallery of miniaturised biochemical tests (ATB 32 Staph, bioMerieux) [ 181. Manufacturers' instructions were followed regarding the duration and temperature of incubation before final visual reading of these tests. The species designation and probability of identification were assigned by APILAB software (bioMerieux).
16s ribotyping
Staphylococcal DNA was prepared from overnight plate cultures as previously described [19] , except that TE buffer was substituted by TES buffer (0.1 M NaCI; 10 mM Tris, pH 8; 1 mM EDTA) and lysis was achieved by resuspending cells in 100 pl of lysostaphin (1 mg/ml in TES buffer; Sigma) and 50 p l of lysozyme (50 mg/ ml; Sigma). A 1500-bp intragenic fragment of the 16s rRNA gene was generated by PCR from genomic DNA of S. epidennidisT NCTC 11047, with the forward primer 5'AAGAGTTTGATCCTGGCTCAG-3' and the reverse primer 5 'GGTTACCTTGTTACGACTT-3 ' [20] .
The amplicon was labelled with biotin-16-dUTP with a random-primed labelling kit (Boehringer Mannheim Biochemica GmbH, Mannheim, Germany). Restriction endonuclease digests of genomic DNA (5 pgltrack) were subjected to electrophoresis in agarose 0.8% for 15 h at 50 V. Gels were vacuum-blotted (LKB VacuGene apparatus, Pharmacia Biotech Ltd, Milton Keynes) on to Hybond N nylon membrane (Amersham Life Science, Bucks). Hybridisation was performed under standard conditions [2 11 and reactions were visualised colorimetrically with BluGene reagent (Life Technologies). Mol. wt markers were biotinylated Hind 111 fragments of phage lambda (Life Technologies). The hybridisation patterns so generated were analysed visually. Identical ribotypes were assigned the same number and related ribotypes were designated by postscript letters.
PCR
Oligonucleotide forward and reverse primers were purchased from Cruachem Ltd, Glasgow, and their compatibility was assessed by the computer program PRIMER [22] . Genomic DNA of test strains was diluted to a concentration of 50 nglpl. Amplification was performed in 25-pl volumes of 1X PCR buffer (Life Technologies) containing 50 ng of genomic DNA, 2.5 mM MgCl, 200 p~ of each dNTP, 0.4 p~ of each primer and 0.625 units of Taq DNA polymerase (Life Technologies). Samples were overlayed with mineral oil and subjected to 25 cycles of amplification in a DNA thermal cycler (Robocycler, Stratagene). The cycle was: denaturation, 94°C for 1 min; annealing, 6 2 4 6°C depending on the primer pair, for 1 min; extension, 72°C for 1 min. The negative controls contained all reagents except template DNA. For visualisation of PCR products, 7-pl samples of the product were fication was also performed directly by suspending a subjected to electrophoresis in agarose (Sigma Type single colony in 100 pl of distilled water, vortex I1 EEO) 1% gels, stained with ethidium bromide mixing and using 2.5 p l of cell suspension in 25 pl 0.5 pglml and viewed under UV illumination. Ampliof reaction mix as above. (205) SIIb ( 176) SIVc ( 598) SIVab SVIc (499) M3e (462) SVId (452) SVb (255) SIVb (217) SVab (570) M3a ( SIVaa (202) SVaa (463 ) MXb (597) MXa ( 47 3) SIIIb (200) SIIIa (301) M6a (224) SIa (233) SIIIC (602) SVe ( 204) SIb (426) SVIe (484) M5a (88) NCTC 11045 
Results
Biochemical test identlJication
The results of the ATB 32 Staph gallery for each strain are shown in 
16s vibotyping
All strains were analysed for polymorphism around the rrn loci (1 6 s ribotype). Candidate taxon-specific ribotypes were detected in genomic Southern blots. For 32 strains, such ribotypes were found in HindIII (H) blots, and for 11 strains they were found in EcoRI (E) blots, (Fig. l a and b) . In both cases, 5-10 bands ranging in size from 0.5 kb to 15 kb were detected. There were 10 clusters of strains whose 16s ribotypes (Hl, H2, H3, H4, H5, H6, H8, E l , E2, E3) were identical or closely related (one-to-three band differences). The fact that these 16s ribotypes were speciesspecific was supported by comparison with the data of De Buyser et al. [12] and was additionally confirmed by PCR data (see below). The NCTC type strains S. aureusT, S. simulansT, S. lugdunensisT, S. gallinarumT, S. auricularisT, S. hyicusT and S. schleiferiT, represented in this study by one reference strain each, all exhibited unique 16s ribotypes. 16s ribotypes are summarised in Table 1 .
In three of the five cases in which ATB tests failed to identify strains (see above), 16s ribotype helped assign them to a specific cluster. These were strain 176, which was included in ribotype group H2; strain 255, which was included in ribotype group H3, and strain NCTC 7526, which was included in ribotype group H6. The other two strains (484 and 88) showed uncommon HindIII and EcoRI ribotypes and could not be assigned to any specific group. In two of the reference strains, the 16s ribotype did not concur with that of the species under whose name it had been deposited in the NCTC. These were: 'S. warneri' NCTC 4276 (which exhibited a 16s ribotype related to that of S. haemolyticusT), and 'S. wameri' NCTC 7612 (which exhibited a ribotype identical to that of S. hominisT). (Escherichia coli numbering scheme). Primer pairs for species-specific PCRs were selected from within these blocks and were designed to ensure maximum primer specificity. Where possible, this was achieved by locating the most species-specific base positions at the 3' ends of the primers. Their position and the length of their amplification products are also shown in Fig. 2 
Design features of species-specrJic PCRs
Elidation of PCR identification tests
The eight primer pairs shown in Fig. 2 were tested against all the strains under study, leading to the identification of eight species-clusters. The results of the newly designed PCR assays are shown in Table 1 , where only positive reactions are indicated. The primer pair Scp identified S. capitisT and two strains, both 
Discussion
Among the CNS, the most frequently isolated species in the clinical laboratory are S. epidermidis and S. saprophyticus. S. epidermidis has been reported to cause >8O% of the CNS bacteraemias that follow implant surgery, due perhaps to its presence in large numbers on human skin [25] . S. saprophyticus is an important causative agent of urinary tract infections in young women [26] . [27] . For instance, in the Baird-Parker scheme the biotypes were defined primarily by acidification of lactose or mannitol, while Kloos and Schleifer [3] differentiated S. hominis from S. warneri on the basis of a lactose positive or negative reaction, respectively. The results of the present study suggest that these phenotypic characters are only valid at a subspecific level. The fact that rarer species might appear in clinical samples further emphasises the need for their accurate identification [28] .
The present study demonstrated PCR identification of CNS species, chosen in the first instance on the basis of their prevalence and difficulty of identification in the reference laboratory. Twenty-six of the 41 strains under investigation were identified by PCR as belonging to one of the eight species for which specific primer pairs had been designed. Among them, 10 reference strains belonging to Marples biotypes were speciated for the first time, the identity of 14 NCTC reference strains was confirmed, and two NCTC reference strains were reassigned to different species. For 22 of these 26 strains there was complete agreement between identification by PCR, 16s ribotype and ATB, supporting the validity of these PCRs as a rapid and accurate means to speciate CNS. In the other four cases there was concordance between PCR and 16s ribotype identification. None of the 10 NCTC strains known to belong to species for which primers had not been designed was misidentified by PCR, confirming the specificity of the eight primer pairs described. Two biotype reference strains gave conflicting results, ambiguous by all criteria, and are being studied further.
It is noteworthy that two NCTC strains were reassigned to different CNS species. In general, culture collections do not yet have molecular genetic means to verify the identity of strains lodged by depositors. Therefore, they may perpetuate errors in bacterial identification, an anomaly which could be corrected by the introduction of species-specific PCRs for genetic quality control.
We suggest that PCR offers an excellent method of molecular identification for CNS, to be used alone or in combination with phenotypic identification. We anticipate that the two systems would continue to be used together, as unusual biotypes may also provide typing information of epidemiological importance. Definitive PCR identification as described in this report can be made directly from colonies within 3 h, considerable less than the time required for ribotyping (4-5 days). Thus, a high throughput of isolates can be identified. The application of the method to the detection of CNS directly from clinical samples should also prove useful in the hospital laboratory, where speed may be critical.
The rapidity and accuracy of the PCR assays described herein make them a useful tool for screening new taxa, and for ecological studies of CNS. PCR identification could help clarify the incidence and clinical significance of the rarer CNS species, which is probably underestimated by current phenotypic identification methods. In a two-step approach to identification, the Sep primers could be applied alone in the first instance, in parallel with ATB phenotypic gallery tests. This will identify S. epidermidis, to which the majority of CNS clinical isolates belong. Then, for example, Sep-positive strains showing unusual biochemical features (such as acidification of mannitol) could be tested against the Scp primers. In such a way, the other primer sets may be applied selectively, to confirm or to resolve ATB identification data if one of the rarer species is implicated.
